OBJECTIVE: Severe intracranial hemorrhage (ICH) is an important prognostic variable in extremely preterm (EPT) infants. We examined imaging and clinical variables that predict outcomes in EPT infants with severe ICH. STUDY DESIGN: Retrospective analysis of 353 EPT infants with severe ICH. Outcomes were compared by examining: (i) unilateral vs bilateral ICH; and (ii) presence vs absence of hemorrhagic parenchymal infarction (HPI). Regression analyses identified variables associated with death or neurodevelopmental impairment (NDI). RESULT: Bilateral ICH and HPI had higher rates of adverse outcomes and were independently associated with death/NDI. HPI was the most important variable for infants of lower birth weight, and bilateral ICH for larger infants. For infants surviving to 36 weeks, shunt placement was most associated with death/NDI. CONCLUSION: Bilateral ICH and the presence of HPI in EPT infants with severe ICH are associated with death/NDI, though the importance depends on birth weight and survival to 36 weeks.
INTRODUCTION
Neonatologists rely on several prognostic paradigms when counseling families of extremely preterm (EPT) infants about the possibility of adverse outcome. Existing methods utilize antenatal variables, 1 illness severity scoring systems, 2, 3 and early clinical variables. 4, 5 The diagnosis of severe intracranial hemorrhage (ICH) on cranial ultrasound (cUS) is often considered a key variable to predict adverse outcome. Severe ICH, typically defined as grade III or IV by Papile criteria, 6 has been shown to be associated with adverse neurologic outcomes, including moderate-to severecerebral palsy (CP), neurodevelopmental impairment (NDI) and even cognitive delay. [7] [8] [9] [10] The presence of severe neuroimaging findings, though, is not always predictive of adverse early childhood outcome. A singlecenter study demonstrated that B50% of extremely low birth weight infants with grade III and IV ICH did not have significant cognitive impairment or neurologic abnormality at 20-month follow-up. 11 Similarly, in a large cohort of extremely low birth weight survivors, 45% of infants with grade III ICH and 30% of infants with grade IV ICH did not have NDI. 4 A more recent report found that, except when accompanied by white matter damage, ICH is not associated with developmental delay. 12 One possible explanation for the range in outcomes reported is that many studies use 'severe ICH' as a composite predictor that does not distinguish between unilateral and bilateral ICH, and hemorrhagic parenchymal infarction (HPI), 13 typically defined as grade IV ICH, is not differentiated from a grade III ICH, or bleeding that is confined to the ventricles.
We hypothesized that specific characteristics of ICH, including bilateral compared with unilateral severe ICH or the presence of HPI, would be important predictors of outcomes of EPT infants with severe ICH. Using data from the Eunice Kennedy Shriver National Institute of Child Health and Human Development Neonatal Research Network (NRN), we compared the outcomes of EPT infants with severe ICH, using bilaterality of ICH and presence of HPI as distinct predictor variables. We further hypothesized that this information, in combination with other clinical factors, could be used in multivariable regression analysis and Classification and Regression Tree (CART) modeling to refine the prediction of outcome in this high-risk group.
METHODS
This was an analysis of infants o27 weeks gestational age (GA) and born 1/1/2006 to 12/31/2007 at participating NRN centers with severe ICH (see definition below). Infants with major congenital anomalies, including congenital central nervous system defects, complex congenital heart disease and chromosomal anomalies were excluded. All data were collected as part of the prospective NRN Survey of Morbidity and Mortality among very low birth weight infants (401 to 1500 g) and follow-up studies, with research coordinators abstracting data using study definitions as 1 described. The institutional review board at each center approved these studies.
Study definitions
Trained research staff recorded the most severe findings on cUS in the first 28 days of life as interpreted by staff radiologists at each NRN center. Infants with grade III or IV ICH by cUS, based on definitions by Papile 6 and as described in previous reports 4, 7, 8 were defined as having severe ICH. For the purposes of the current study, unilateral severe ICH was defined as grade III or grade IV ICH confined to one side of the brain; less severe ICH (grade I or II) or no ICH could have been present on the contralateral side. Bilateral ICH was defined as grade III or grade IV (any combination thereof) on both sides. HPI was defined as having grade IV ICH on at least one side. The diagnoses of bilateral ICH or HPI were not mutually exclusive in this study: infants were classified as having bilateral or unilateral ICH and were separately classified as having HPI or no HPI. The diagnoses of periventricular leukomalacia (PVL), porencephalic cyst and ventriculomegaly were recorded for infants surviving to 36 weeks postmenstrual age (PMA). PVL was diagnosed by the presence of cystic echolucencies in the periventricular white matter on any cUS imaging. Porencephalic cyst was defined as one or more cysts within the cerebral hemisphere that may or may not communicate with the lateral ventricle, excluding subependymal and choroid plexus cysts. Ventriculomegaly was defined as the presence of enlarged ventricles on cranial imaging performed closest to 36 weeks PMA based on local interpretation, or from the cUS in the first 28 days, if later imaging was not performed (seven infants).
Additional demographic, maternal and neonatal information was collected from birth until death, hospital discharge or 120 days. Estimated GA was determined by best obstetric estimate. Antenatal steroids were defined as the administration of any corticosteroids to accelerate fetal maturity in the present pregnancy. Infants were classified as small for GA at birth, defined by a birth weight o10th percentile for gender and GA.
14 Surfactant treatment was defined as at least one dose of any surfactant. Bronchopulmonary dysplasia was defined as requiring supplemental oxygen at 36 weeks PMA. Postnatal steroid treatment was any steroid given for the prevention or treatment of bronchopulmonary dysplasia. Necrotizing enterocolitis was defined as modified Bell stage IIA or greater. 15, 16 Severe retinopathy of prematurity (ROP) was defined as stage 3 or greater with 'plus' disease. Early-onset sepsis (within 72 h of birth) and late-onset sepsis (after 72 h) were defined by a positive blood culture and antimicrobial therapy for X5 days or when there was intent to treat but the infant died before 5 days of therapy. Seizures were recorded based on treatment with an anticonvulsant for 472 h or when there was intent to treat but the baby died before 72 h. Late death was defined as death after 36 weeks PMA.
Neurodevelopmental follow-up
Surviving infants were assessed at 18 to 22 months corrected age using a standardized neuromotor exam and the Gross Motor Function Classification System (GMFCS). 17 Examinations were performed by certified examiners who were trained to reliability during a 2 day workshop on neurologic assessment or certified by those who attended the workshop. The Bayley Scales of Infant Development III 18 Cognitive and language composite scores were administered by experienced testers, who were annually certified by 1 of 4 gold-standard examiners. CP was defined as a non-progressive central nervous system disorder characterized by abnormal muscle tone in at least one extremity and abnormal control of movement or posture that interfered with or prevented age-appropriate activity. Moderate CP was defined as no ambulation or ambulation only with assistive devices but ability to sit independently or with support (GMFCS level 2 or 3). Severe CP was defined as the inability to ambulate or sit with support (GMFCS level 4 or 5). NDI was defined as any of the following: moderate-to severe-CP with a GMFCS X2, Bayley III Cognitive composite score o70, bilateral blindness (defined as vision o20/200 bilaterally) or permanent bilateral severe hearing loss. Unimpaired was defined as all of the following: Bayley III Cognitive composite score 485, no moderate-to severe-CP, GMFCSo1 and without bilateral blindness or deafness.
Statistical analyses
Statistical analyses were performed using SAS statistical software version 9.2 (SAS Institute, Cary, NC, USA) and SPSS AnswerTree software (SPSS, Chicago, IL, USA). Statistical significance was established using a P-valueo0.05. Demographic, perinatal and neonatal characteristics of the study population were assessed using descriptive statistical methods. Bivariate analyses were conducted for the outcomes of infants at 18 to 22 months using the w 2 test for differences in proportions and the Student's t-test for continuous variables. Comparisons were performed for the categorical predictors: (1) bilateral vs unilateral ICH and (2) HPI vs no HPI. Multivariable logistic regression models were created using a backward stepwise approach with Po0.20 as the criterion for remaining in the model. The first included all infants and modeled the outcome death or NDI at 18 to 22 months corrected age. Variables initially included in the model were: antenatal steroids, cesarean delivery, multiple birth, rupture of membranes 418 h, antepartum hemorrhage, histologic chorioamnionitis, male sex, birth weight, GA, Small for GA, race/ethnicity, 5-min Apgar o4, cardiopulmonary resuscitation in the delivery room, surfactant, high frequency ventilator in the first 28 days, any HPI and PVL (using cUS results in the first 28 days). Bilateral vs unilateral ICH was forced into the model, and NRN center was entered as a random effect. A second regression analysis was limited to infants surviving to 36 weeks PMA and modeled the outcome of late death or NDI. Variables considered in this model included all above variables as well as the following in-hospital morbidities: patent ductus arteriosus, late-onset sepsis, seizures, bronchopulmonary dysplasia, ROP, postnatal steroids, surgery (for necrotizing enterocolitis, patent ductus arteriosus or ROP), ventriculomegaly, porencephalic cyst, the presence of a ventriculoperitoneal shunt and PVL.
CART algorithms were developed using the same patient groups, outcomes and variables as in the logistic regression modeling, except center, including a separate analysis for infants surviving to 36 weeks PMA. CART analysis ranks the importance of predictors through recursive partitioning of variables. For continuous variables such as birth weight, the program selects optimal, rather than empiric, cut-points. For this analysis, the maximum tree depth was empirically set at five levels, with a minimum of 50 observations in the parent (upper) node and 25 observations in each child (lower) node.
RESULTS
During the study period, 2218 infants o27 weeks GA were born alive in 20 NRN centers, including 353 infants with severe ICH who had outcome data available (93% follow-up rate, see Supplementary Figure) . Of the 507 infants excluded due to lack of cUS, 504 died (473 in the first day of life, 499 in the first week of life). Bilateral ICH was present in 70% and HPI was present in 58% of the study population (see Supplementary Table for additional demographic, perinatal and clinical characteristics of the study population). Infants lost to follow-up (n ¼ 26) were more likely to be female, had significantly higher birth weights, and had higher rates of PVL, ROP, postnatal steroid exposure and surgery compared with those who died or were followed-up at 18 to 22 months. Infants lost to follow-up did not differ in the rates of bilateral vs unilateral ICH or HPI vs no HPI.
Unadjusted early childhood outcomes of the study population are shown in Table 1 . Infants with bilateral ICH or HPI on at least one side were more likely to have the outcomes of death at any time or death/NDI. However, there was no difference in late death (after 36 weeks PMA) by ICH bilaterality or by presence or absence of HPI.
Of the 175 infants who died before 36 weeks PMA, 138 (79%) had respiratory support withdrawn; ICH was listed as a cause of death or withdrawal of care in 50% of cases. There was no significant variation across centers in withdrawal of support. Among infants who died, GA and birth weight did not differ between those who died due to withdrawal of support vs those without withdrawal of support. Bilateral ICH was associated with a higher likelihood of support being withdrawn compared with unilateral ICH (85 vs 60%, unadjusted OR 3.84 (CI 1.76, 8.41), Po0.001). Similarly, infants with HPI were more likely to have support withdrawn compared with those without, but the difference between groups was not statistically significant (83 vs 70%, unadjusted OR 2.01 (CI 0.94, 4.27), P ¼ 0.07).
Among survivors to follow-up, NDI, moderate-to-severe CP and Bayley III Cognitive composite score o70 were more common following bilateral ICH or HPI (all Po0.05). Infants with bilateral ICH were more likely to have seizures than infants with unilateral ICH. Infants with HPI were more likely to require tube feedings at 18 to 22 months compared with those without. The rate of unimpaired status was higher in infants with unilateral ICH (53%) compared with infants with bilateral ICH (44%), but this result was not statistically significant.
The covariates retained by the stepwise regression analyses for the outcomes death/NDI and late death/NDI are shown in Table 2 . For all infants, bilateral ICH and HPI were independently associated with death/NDI and had similar magnitudes of effect. For the analysis limited to infants surviving to 36 weeks PMA, the presence of a shunt, bilateral ICH and HPI were associated with late death/NDI, with shunt being the greatest in magnitude. When additional analyses were undertaken to force GA, sex, Small for GA and antenatal steroids into the models, significant variables associated with outcomes remained unchanged (data not shown).
CART analysis results are shown in Figure 1 , with predictive variables that are more strongly associated with the outcome shown higher on the decision tree. When the entire study population was included in the analysis (Figure 1a) , infants with a birth weight p707 g (the optimal cut-point selected by the CART program) were more likely to have the outcome death/NDI. In these smaller infants, HPI was more likely to influence the outcome death/NDI (88 vs 65%), and in those without HPI, male infants had a worse outcome (82 vs 49%). In the larger infants, bilateral ICH was associated with death/NDI (63 vs 38%), and among infants with bilateral ICH, the presence of HPI predicted a worse outcome (76 vs 48%). When the analysis was limited to infants surviving to 36 weeks PMA (Figure 1b) , neither bilateral ICH nor the presence of HPI remained in the decision tree. However, the presence of a shunt predicted late death/NDI (70 vs 28%). Among infants without a shunt, the receipt of postnatal steroids and the presence of enlarged ventricles on late US were associated with late death/NDI.
The predictive abilities of logistic regression and CART analysis were comparable. Logistic regression models correctly classified 76% of infants for the outcome death/NDI and 78% for the 27 (17) 12 (20) 15 (15) 15 (18) 12 (16 Severe ICH and outcomes AS Davis et al outcome late death/NDI. Both models had 80% sensitivity. By comparison, the accuracy of the CART model for the outcome death/NDI was 71%, with 72% sensitivity. CART analysis for the outcome late death/NDI correctly classified 72% of infants, with higher specificity (93%) but low sensitivity (31%).
DISCUSSION
Abnormalities on head ultrasound in infants born prematurely have been a specific focus of investigation in neonatal research, and more recent studies have begun to assess the differences between unilateral vs bilateral involvement and the presence of HPI in relation to neurologic outcomes. We examined a cohort of EPT infants with severe ICH and demonstrated that bilateral ICH and PI are significantly associated with death/NDI, independent of other demographic and clinical variables. Approximately half of infants who survived to early childhood follow-up were classified as unimpaired. Two large cohort studies examined the association between cUS abnormalities and CP. The EPIPAGE study (N ¼ 1954) reported a higher proportion of CP in infants with bilateral cystic PVL (74%) compared with unilateral PVL (35%); a similar result was found for infants with HPI compared with lower grades of ICH. 19 In the ELGAN cohort (N ¼ 1053), higher rates of CP were reported with bilateral ICH (28%) compared with those with unilateral findings (9%). 20 Increasing severity of HPI has been associated with death, neonatal seizures, and an abnormal neuromotor exam beyond 12 months' adjusted age. 21 Bassan et al. 22 assessed 30 preterm infants with HPI at a mean follow up of 30 months corrected age and reported a trend for bilateral HPI to predict hypertonia. Roze et al. 23, 24 analyzed 54 preterm infants with HPI to determine the contribution of both laterality (for example, right vs left) and bilaterality toward early childhood outcomes. No differences were seen in the rates of death between infants with bilateral vs unilateral HPI. The rate of CP did not differ by bilaterality or laterality in surviving infants up to early school age follow-up. In a single center study by Merhar et al. 25 bilaterality did not result in worse outcome except for infants with grade IV ICH. Maitre et al. 26 evaluated 69 surviving very low birth weight infants with HPI at 18 to 36 months corrected age and found that those with bilateral HPI had higher rates of CP and lower Bayley II scores compared with those with unilateral HPI. In multivariate modeling, infants with bilateral HPI alone had a 93% probability of Bayley II Mental Development Index o70; by comparison, infants with unilateral HPI required the additional diagnoses of PVL and ROP to achieve a 89% predicted probability of Mental Development Index o70. This underscores the potential for multiple clinical factors in combination to contribute to adverse outcome.
Our study expands upon the aforementioned analyses by evaluating a large sample of extremely premature infants with severe ICH, which permitted adjustment for multiple clinical variables that may also contribute to adverse outcome. Our unadjusted analyses showed that the outcomes of those with severe unilateral ICH are better than those with bilateral involvement. This was particularly striking for infants who survived to early childhood follow-up. Logistic regression confirmed the significant association between HPI, ICH bilaterality and outcome in the entire study population as well as in surviving infants, independent of other potentially confounding variables. The models were further validated by the stepwise retention of variables previously known to be associated with poor outcome, such as male sex, lower birth weight and GA, and use of postnatal steroids. CART analysis may be useful for physicians, who are accustomed to clinical algorithms, to use when counseling families of EPT infants with severe ICH about the risk of adverse outcome in the context of other clinical variables. While providing useful prognostic information, though, both logistic regression and CART models should serve to complement clinical decision-making, as their accuracy at B70% indicates that more precise descriptions of severe ICH characteristics and consideration of other currently unmeasured or unmeasurable factors and influences may be needed to improve our predictive abilities.
Infants in our study population had high rates of death and withdrawal of support. Bassan et al. 21 also reported an association between the severity of HPI and the likelihood to withdraw care. There is potential for bias in any study that reports an outcome of early neonatal death for a variable such as ICH, as clinicians likely use this information to counsel families regarding the continuation of intensive care. For this reason, we separately analyzed infants who survived until 36 weeks PMA, and the independent association of bilateral ICH and HPI persisted for the outcome late death/NDI. As mortality rates after 36 weeks PMA were not different between groups by bilaterality or HPI, this association is explained by observed differences in neurodevelopmental outcomes at 18 to 22 months corrected age. Thus, our data support that neuroimaging variables, including bilateral involvement and presence of HPI, are significantly associated with early childhood neurodevelopmental outcomes among EPT infants with severe ICH.
An important limitation of our study was the inability to further characterize the parenchymal involvement in infants classified as having HPI, as detailed information regarding the extent and location of injury was not prospectively collected for the NRN database. This study also relied on a retrospective analysis of neuroimaging data extracted from the medical record. The diagnosis of severe ICH has been shown to have good interreader reliability, 27 minimizing the potential for misclassification bias. Arguably, our data may reflect a more 'real world' diagnosis of severe ICH, as rigorous, prospective training of central readers was not utilized.
Our study highlights the need for future investigations to consider bilateral involvement and HPI as important clinical factors rather than continued use of a categorical definition of 'severe ICH'. Further, both multivariate regression modeling and CART analysis demonstrated that clinical variables in addition to severe ICH remain important in the prediction of adverse outcome. Our findings support the concept that future studies should distinguish severe ICH with HPI from severe ICH that is limited to the ventricles. Among infants with HPI, the impact of laterality (right vs left), location and extent of involvement on early childhood outcomes should be investigated. Although previous reports suggest that preterm infants with severe ICH constitute a population at extremely high risk for adverse outcome, our data suggest that a substantial proportion of surviving infants do not have serious impairment in early childhood. It is unclear if the same result would be seen at school age follow-up, or whether more subtle deficits would be found. This underscores the need for continued assessment of preterm infants with severe ICH that includes long-term follow-up and improved identification of factors associated with both adverse and favorable outcomes.
